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EXECUTIVE SUMMARY 
 
This report describes an investigation of cracking in concrete portions of the Lyman Run 
dam located in Potter County Pennsylvania.  The structure, completed in 2006, exhibited 
significant cracking in the slab portions of the structure.  The objectives of the 
investigation were to: (1) determine the root cause of cracking in the dam structure; (2) 
determine the anticipated service performance of the structure as influenced by this 
cracking; and (3) provide recommendations on how to avoid such cracking in future 
similar construction. 
 
The investigation included laboratory studies, field investigations, petrographic 
examination of concrete cores, and finite element analysis of the early-age thermal and 
mechanical behavior of the structure.  
 
The root cause of cracking in the Lyman Run dam structure is thermal effects in the slabs 
early in the age of each slab.  Peak tensile stresses in excess of the modulus of rupture 
occur through the thickness of the slab approximately 20 days from the date of concrete 
placement.   
 
Cores extracted from the structure showed that the cracks extend through the thicknesses 
of the slabs.  Petrographic examination of the cores determined that the cracks have not 
undergone autogeneous healing, and that the cracks will not prevent water from leaking 
through the slabs.  The petrographic examination did not find evidence of other possible 
causes of the observed cracking, namely improper curing, improper mixture proportions, 
or active deterioration mechanisms such as alkali silica reaction.  
 
Several conclusions were drawn about the anticipated service performance of the dam 
structure.  The dam structure will leak in its present state.  Water will enter the cracks on 
the upstream side of the structure and flow through the slabs to the roller compacted 
concrete below the slabs. The cracks present in the structure are likely stable in number 
and location.  Corrosion of the embedded steel reinforcement is not likely to occur.  
Freeze-thaw damage is not thought to be likely to occur, but to make more definitive 
conclusions about freeze-thaw resistance, additional evaluation of the air void system in 
the concrete is needed. 
 
To prevent similar cracking from occurring in similar construction in the future, all future 
construction of this type should include a thermal management plan to mitigate the 
temperature effects that caused the cracking in the Lyman Run dam structure.   
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 Introduction 
 
This report describes an investigation of cracking in concrete portions of the Lyman Run 
dam located in Potter County Pennsylvania.  Figure 1.1 shows two photographs of the 
dam.  As shown in the photographs, the dam is comprised in part of a concrete labyrinth 
structure.  This concrete structure, completed in 2006, exhibited significant cracking in 
the upstream and downstream faces during construction.  The focus of this report is the 
concrete structure, and in particular the concrete upstream and downstream faces of the 
slab portions of the structure. 
 
1.2 Objectives and Scope 
 
The objectives of the investigation were to: 
 
1. Determine the root cause(s) of cracking in the slab portions of the dam structure. 
 
2. Determine the anticipated service performance of the structure as influenced by 
this cracking. 
 
3. Provide recommendations on how to avoid such cracking in future similar 
construction. 
 
As described in the project proposal, the scope of work included the following seven 
tasks: 
 
1. Task 1 was a thorough review of the available project information.  This task also 
assisted in planning the field work. 
 
2. Task 2 was to create a detailed record of the cracks that currently exist in the 
structure.  This record included dimensions of the locations and lengths of the 
cracks on the concrete surface and photographs of selected cracks.  The detailed 
record of the cracks can be used to determine if the cracks are lengthening or if 
additional cracks are forming over time.  Second, the record can be used to 
compare actual crack patterns with predicted crack patterns obtained from 
analytical studies (discussed below). 
 
3. Task 3 was to determine the depth of the cracks.  This task was conducted semi-
destructively through coring, and was also conducted nondestructively using the 
impact-echo method.  The crack depth information was used to estimate the 
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impact of the cracks on the anticipated service performance of the structure, and 
also to compare with results of analytical studies.  
 
4. Task 4 was to investigate whether self-healing of the cracks had occurred.  Cores 
were taken and subjected to petrographic examination to determine if this healing 
had occurred.  As part of this task, a small portion of the upstream mat slab 
portion of the structure was flooded and monitored for water exiting from cracks 
in the downstream portions of the structure. 
 
5. Task 5 was a petrographic examination of the cores to ensure there are no inherent 
concerns with the quality of the concrete or the manner in which it was placed and 
cured (e.g. inadequate curing or excessive temperature at early-age).   
 
6. Task 6 was an analytical study to estimate the early-age thermal and mechanical 
performance of the structure.  The analysis reconstructed the early-age heat 
evolution, development of early-age strength, and the development of tensile 
stresses due to differential cooling.  The concrete mixture proportions and reports 
of concrete placement temperatures and ambient temperatures, coupled with 
additional available weather data, were used to create a model of the early-age 
thermal and mechanical behavior of the concrete placements.  The analysis results 
were compared with observed cracking.  
 
7. Task 7 was to prepare a final report.  The final report (this document) summarizes 
the results of the above tasks, discuss the anticipated service performance of the 
structure, and present recommendations to avoid similar cracking in future similar 
construction.   
 
1.3  Summary of Findings 
 
The root cause of cracking in the Lyman Run dam structure is thermal effects in the slabs 
early in the age of each slab.  Peak tensile stresses in excess of the modulus of rupture 
occur through the thickness of the slab approximately 20 days from the date of concrete 
placement.   
 
Cores extracted from the structure showed that the cracks extend through the thicknesses 
of the slabs.  Petrographic examination of the cores determined that the cracks have not 
undergone autogeneous healing, and that the cracks will not prevent water from leaking 
through the slabs.  The petrographic examination did not find evidence of other possible 
causes of the observed cracking, namely improper curing, improper mixture proportions, 
or active deterioration mechanisms such as alkali silica reaction.  
 
Several conclusions were drawn about the anticipated service performance of the dam 
structure.  The dam structure will leak in its present state.  Water will enter the cracks on 
the upstream side of the structure and flow through the slabs to the roller compacted 
concrete below the slabs. The cracks present in the structure are likely stable in number 
and location.  Corrosion of the embedded steel reinforcement is not likely to occur.  
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Freeze-thaw damage is not thought to be likely to occur, but to make more definitive 
conclusions about freeze-thaw resistance, additional evaluation of the air void system in 
the concrete is needed. 
 
To prevent similar cracking from occurring in similar construction in the future, all future 
construction of this type should include a thermal management plan to mitigate the 
temperature effects that caused the cracking in the Lyman Run dam structure.   
 
1.4 Organization of Report 
 
Chapter 2 of this report discusses the studies performed in the laboratory in preparation 
for site work.  Included are descriptions of the impact-echo studies performed to 
determine crack depth on a model of a slab portion of the dam.   
 
Chapter 3 discusses the field work performed on site.  This chapter includes discussions 
of: (1) crack mapping; (2) nondestructive evaluations of the cracks using the impact-echo 
method to determine crack depths; (3) the visual examination of the cores that were 
removed from the dam; and (4) the flooding of one of the cells of the labyrinth structure.   
 
Chapter 4 discusses the analytical investigations that were performed to evaluate the early 
age performance of the mat portions of the structure and determine likely causes of 
cracking.   
 
Chapter 5 provides the results of the petrographic examination of the cores removed from 
the dam.   
 
Chapter 6 provides conclusions with regard to the stated objectives, namely a 
determination of the root cause(s) of cracking in the slab portions of the dam structure, a 
determination of the anticipated service performance of the structure as influenced by this 
cracking, and recommendations on how to avoid such cracking in future similar 
construction. 
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Figure 1.1 -  Photographs of the Lyman Run dam structure. 
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CHAPTER 2 
 
 
LABORATORY INVESTIGATIONS 
 
 
2.1 Introduction 
 
Two tests were performed in the field work portion of the investigation of the Lyman 
Run Dam: (1) impact-echo tests to determine the depths of visible cracks; and (2) coring 
at a representative sample of locations to confirm findings and to provide concrete 
samples for later petrographic examination.  In preparation for these two field tests, the 
two laboratory investigations were made: (1) impact-echo testing to determine crack 
depths in a concrete model of the slab portions of the dam; and (2) pachometer tests on a 
model of the steel grid reinforcement in the dam to ensure that reinforcing bars in the 
dam could be located.  This chapter describes those two laboratory investigations.  
Section 2.2 describes the impact-echo investigation and Section 2.3 describes the 
pachometer investigation. 
 
2.2 Impact-echo Testing 
 
This section describes the NDE impact-echo tests that were performed in the laboratory.  
Section 2.2.1 provides a description of the impact-echo method for determining crack 
depth.  Section 2.2.2 describes the concrete model used for this task.  Section 2.2.3 
provides the test procedure and results, and Section 2.2.4 provides the findings from the 
tests and the implications for the field testing. 
 
2.2.1 Impact-echo Technique Description 
 
The impact-echo method is a non-destructive test method used for the evaluation of 
concrete structures.  Sansalone and Streett (1997) provide a comprehensive background 
and review of the method.  A brief review of the method for determining the depth of 
surface opening cracks is given here. 
 
The impact-echo method relies on the propagation of elastic waves (generated by a small 
impact) within a medium.  The impact generates three types of waves – compression 
waves (commonly referred to as P-waves), shear waves (commonly referred to as S-
waves), and surface waves (commonly referred to as Rayleigh, or R-waves).  The two 
types of waves that are of primary interest for the current work are P-waves and R-waves.  
The P-wave produced by the impact radiates into the concrete from the impact along a 
hemispherical wavefront.  The R-wave radiates along the surface of the concrete from the 
impact point along a circular wave-front.  These waves produce displacements of the 
surface of the concrete which may be captured by a transducer that converts displacement 
to voltage.  The results of capturing these displacements with time are referred to 
waveforms.   
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Figure 2.1 shows a schematic of the impact-echo method for determining crack depth.  
The method requires knowing the speed of R- and P-waves in concrete (a simple test for 
determining these wave speeds is described later in Section 2.2.3).  For determining crack 
depth, a dropped steel ball generates an impact on the surface of the concrete and creates 
P-waves and R-waves.  The R-wave travels to the near-side transducer along the surface.  
The P-wave travels to the bottom of the crack and then is refracted from the bottom of the 
crack to the far side transducer.  The arrival times of these waves at the transducers are 
recorded.  The known wave speeds, distances and arrival times can be combined to 
calculate the remaining unknown in the problem, the crack depth.   
 
The lowercase letters in Figure 2.1 denote known distances.  The R-wave arrival time at 
the near side transducer is combined with the known distance a and the known R-wave 
speed to calculate the initial time of the impact.  The P-wave arrival time at the far side 
transducer is combined with the calculated impact time to determine the total P-wave 
travel time along path E-F.  This travel time is multiplied by the known P-wave speed to 
calculate the path length E-F.  This leaves the remaining unknown as the crack depth.  
Simple geometric considerations are used to find the depth of the crack based on the 
known distances b and c and the determined path length E-F. 
 
2.2.2 Model Description 
 
As noted, the impact-echo method was applied to a concrete model to determine crack 
depth.  The model consisted of a concrete block approximately 96x96 inches square in 
plan and 24 inches thick.  Four surface opening cracks were created in the block using 
plastic sheeting that was 0.006 inches thick.  The cracks were constructed to depths of  2, 
4, 8 and 16 inches  Figure 2.2 shows a schematic plan view drawing of the test specimen.  
Figure 2.3 is a photograph of the model during construction.  As shown in Figure 2.4, as 
the fresh concrete was placed, care was taken to ensure that the concrete was placed to 
approximately equal depths on either side of a particular plastic sheet.  This was to ensure 
that the plastic sheeting did not curl, wrinkle or distort significantly, but rather was 
embedded essentially vertically within the concrete block.   
 
The concrete mixture used to construct the model was from a ready-mix supplier and was 
designed to provide concrete with a strength of 4500 psi.  The water cement ratio of the 
mixture was 0.48.  Table 2.1 gives the concrete mixture proportions.  In addition to the 
constituents used in the table, approximately 1.42 ounces per cubic foot of concrete of 
Daracem-55 (a mid-range water reducer) were added to the mixture.  The slump of the 
fresh concrete was approximately 4 inches. 
 
2.2.3 Test Procedure and Results 
 
Laboratory Determination of R-wave and P-wave Velocities 
As noted, the P-wave and R-wave speeds in the concrete must be known to determine the 
crack depths using the impact-echo method.  This section describes the technique used to 
determine wave speeds.   
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Figure 2.5 shows a schematic of the test used for determining R-wave speed.  Two 
transducers were arranged a fixed distance apart, and an impact was generated along the 
line upon which the transducers were arranged.  The arrival time of the R-wave at each 
transducer was determined (the difference in the arrival times is the time that it takes the 
R-wave to travel from one transducer to the other).  The distance between the two 
transducers was divided by the arrival time difference to yield the R-wave speed.   
 
Equation 2.1 was used to calculate the P-wave speed (Sansalone and Streett, 1997): 
 
RP CC 76.1=           (2.1) 
 
where CP is P-wave speed and CR is R-wave speed.  P-wave speed for typical concrete is 
approximately 4000 m/s. 
 
Figure 2.6 shows the waveforms for a typical test for wave speed determination.  The 
most prominent features are the arrival of the R-waves, appearing as large decreases in 
voltage (downward displacements).  For the data in the figure, the difference in R-wave 
arrival times was 167 μsec, and the transducers were placed 16.5 inches apart, yielding a 
calculated R-wave speed of 2510 m/s and a calculated P-wave speed of 4418 m/s.   
 
Table 2.2 shows the important parameters for each of the wave speed trials and shows 
that the average wave-speeds determined in the laboratory experiments were 2481 m/s 
(R-wave) and 4366 m/s (P-wave).  These values are within the expected range for typical 
concrete. 
 
Laboratory Determination of Crack Depth 
To investigate crack depth, the transducers were positioned at the crack to be tested 
according to the dimensions noted in Figure 2.7, based on the recommendations provided 
by Sansalone and Streett (1997).  The steel ball used to produce the impacts for this 
investigation was 0.31 inches in diameter. 
 
Figure 2.8(a) shows the typical captured waveforms for the crack-depth determination 
test for the 2 inch deep crack.  Visible in Figure 2.8(a) is the R-wave arrival at the near 
side transducer, as well as the arrival of the refracted P-wave at the far side transducer.  
The distance from the impact to the near side transducer, the R-wave arrival time at the 
near side transducer and the R-wave speed can be combined to yield the time of the 
impact.  The impact time can be combined with the arrival time of the refracted P-wave 
at the far side transducer and the P-wave speed to calculate the length of path E-F.  The 
known distances from the impact to crack, crack to far side transducer, and the length of 
path E-F are used to calculate the depth of the crack.  For the data noted in Figure 2.9, the 
R-wave arrival time at the near side transducer is -32 μsec, and thus the calculated impact 
time is -63 μsec.  The P-wave that is refracted from the bottom of the crack arrives at the 
far side transducer at -14 μsec and thus the calculated P-wave travel time is 49 μsec.  For 
these transducer positions and this travel time the calculated crack depth is 3.2 inches.  
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Figures 2.8(b) – 2.8(d) show similar plots for the 4, 8 and 16 inch deep cracks.  Table 2.3 
shows the pertinent data for each of the trials performed at each crack.   
 
As seen by the calculated crack depths in Table 2.3, the method works well for the 4 and 
8 inch deep cracks.  The 2 inch deep crack is located but its depth is overestimated.  For 
the 16 inch deep cracks the arrival of the P-wave at the far side transducer could not be 
determined.  Figure 2.8(d), which shows the captured waveforms for a typical test on the 
16 inch crack, is representative of all of the trials for this depth.  However, it was possible 
in the laboratory to determine the depth of the shallower cracks with confidence, and it is 
also possible to distinguish a crack that is 8 inches (or less) deep from one that is 16 
inches deep. 
 
One secondary feature that has ramifications to the field study will be noted here.  A 
series of tests was performed with the layout exactly as noted for the crack tests (i.e. 
Figure 2.7), except that the layout was executed over an area of sound concrete (with no 
crack).  Waveforms were recorded for this scenario (see Figure 2.13) to compare with the 
waveforms for the crack depth tests.  This was done to ensure that the waveforms 
recorded on the far side transducers were as a result of P-waves reflecting off of the 
bottom of cracks, rather that P-waves and R-waves that were propagating through the 
crack along the surface.  Waves can propagate through a crack if the two sides of the 
crack are acoustically coupled, which may happen due to several factors, including: (1) 
the crack opening is less than 0.003 inches (Sansalone and Street, 1997); and (2) the 
crack is bridged by dirt or another material (such as water).  The characteristic shape of a 
slight rise followed by a deep trough indicates the arrival of the surface R-wave at the far 
side transducer.  This is as expected in this scenario where the far side transducer is not 
separated from the impact site by the presence of a crack.  This can be contrasted with 
Figure 2.8, where the far side transducer waveforms show only a drop in voltage as the 
initial feature.  This is consistent with the arrival of a P-wave refracted from the bottom 
of a crack (Reference 1).  This shows that in the laboratory tests, the artificial cracks have 
been created in a manner which effectively acoustically uncouples the near and far side of 
the cracks.  It is explained in Chapter 3 that the cracks in the dam structure may have 
been acoustically coupled. 
 
2.3 Pachometer Investigation to Locate Reinforcement  
 
This section describes the laboratory investigation performed to evaluate the ability of the 
pachometer to determine individual rebar locations in the dam structure.  This 
information is necessary so that, to the degree possible, cores extracted from the dam do 
not interrupt the reinforcing mats.  Construction plans indicate that the mat portions of 
the dam are comprised of concrete 18-24 inches thick with typical reinforcement (either 
#7 or #10 bars) laid out in two layers: a top layer with 4 inches of cover (measured from 
the top of the slab) and a bottom layer also with 4 inches of cover (measured from the 
bottom of the slab).  Because the useful scanning depth of the pachometer is only 10 
inches, only the top layer of steel will be able to be located.  The pachometer works by 
detecting changes in magnetic properties, and one problem with the pachometer is that it 
can be affected by interference caused by nearby bars. This is the issue faced in using this 
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instrument at Lyman Run – the primary reinforcing mats used under the labyrinth 
structure and on the downstream face consist of large rebar spaced closely. 
 
A model of the reinforcing bar arrangement in the dam was constructed in the laboratory 
and investigated with the pachometer.  A wooden box measuring 4x4 feet square in plan 
was constructed, and grids of either #7 or #10 reinforcing bars were placed in the box 
with approximately 4 inches of cover, as shown in Figure 2.10.  The box was covered 
with 3/4 inch thick plywood.  No concrete was actually poured, as the presence of 
concrete does not produce any additional magnetic interference in the dam. Magnetic 
response is only be affected by the distance from the bottom of the probe to the top of the 
bars.  Figure 2.11 shows the scanning lines that were used in these tests; readings were 
taken with the pachometer scanning along lines aligned with the reinforcing grid (Lines 1 
– 5) and lines askew to the grid (lines S1 and S2). 
 
Figure 2.17 shows results for the mat of #7 bars.  As can be seen in the graph, the 
pachometer showed a strong response while directly over the center bar and almost no 
response when in between bars for each of the five lines. Even while following line #3 (a 
line that directly follows the path of a bar), the pachometer still produced a measurable 
response while over a crossing bar. 
 
Figure 2.18 shows results for the mat of #10 bars.  For the #10 bars, the center bar was 
located successfully (as noted by the large peak in response) along each line, including 
line #3, which follows directly over a bar. However, along the right side of the graph, 
there are no peaks corresponding to the rightmost bar. This graph suggests that the 
pachometer is unable to locate a bar while the probe is oriented with no interference to 
the right-hand side while there is interference on the left.  
 
The results for the scanning lines that were askew to the grid showed no discernable 
pattern and are not shown here.  This indicates that the orientation of the reinforcement 
grid needs to be determined along with the specific locations of the bars. 
 
2.4 Implications of Laboratory Investigations on Field Work 
 
From the laboratory investigations, the following implications for field work were noted: 
 
1. The depth of cracks less than 8 inches deep can be differentiated. 
 
2. Cracks greater than 8 inches deep can be differentiated from those that are less 
than 8 inches deep. 
 
3. A 16 inch deep crack exhibits no response at the far side transducer. 
 
4. Careful inspection of the waveforms can discriminate cracks that are acoustically 
coupled from cracks that are not coupled (i.e. compare Figures 2.8 and 2.9). 
 
5. Bars can be located with the pachometer. 
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Table 2.1 - Laboratory model concrete mixture volumeteric proportions
Constituent Volume (ft3)
Type I Cement 0.108
Slag Cement 0.013
Coarse Aggregate (Limestone) 0.391
Fine Aggregate (Sand) 0.290
Water 0.182
Air 0.015
Total 1.000  
 
 
 
Table 2.3 - Laboratory crack depth data
Crack 
Depth Trial
R-wave 
Arrival 
(near side)
Reflected 
P-wave 
Arrival 
(far side)
Arrival 
Time 
Difference 
(ΔT)
Calculated 
Crack 
Depth
(in) (μsec) (μsec) (μsec) (in)
1 -28 -5 23 3.73
2 2 -16 13 29 4.35
3 -32 -14 18 3.19
Average 3.75
1 -23 3 26 4.04
4 2 -34 6 40 5.42
3 -36 -12 24 3.83
Average 4.43
1 -39 23 62 7.48
8 2 -62 11 73 8.48
3 -16 46 62 7.48
Average 7.81
1 -19 208 227 21.98
16 2 -15 129 144 14.76
3 -20 118 138 14.23
Average 16.99  
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Figure 2.1 – Schematic of layout of transducers for crack depth determination  
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Figure 2.2 – Schematic of laboratory model for impact-echo tests 
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Figure 2.3 – Laboratory model for impact-echo tests prior to concrete placement 
 
 
 
Figure 2.4 – Placing the concrete into the formwork of the impact-echo laboratory model  
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Figure 2.5 – Schematic of impact-echo test to determine wave speed 
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Figure 2.6 – Typical waveforms recorded during laboratory wave speed tests 
 
 18
Impact
Point
Far Side
Transducer
Near Side
Transducer
Concrete Surface
Crack
P-wave Path
R-wave Path
3.0 3.02.25
F E
 
 
 
Figure 2.7 – Schematic of layout of transducers used for crack depth determination 
(dimensions are in inches) 
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Figure 2.8: Typical waveforms for laboratory crack depth tests: (a) 2 inch crack; (b) 4 
inch crack; [continued] 
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Figure 2.8 – [continued] Typical waveforms for laboratory crack depth tests: (c) 8 inch 
crack; (d) 16 inch crack) 
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Figure 2.9 – Typical waveforms from laboratory tests with no crack 1 
 
 
 
 
 
Figure 2.10 – Reinforcement layout in laboratory mock-up 
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Figure 2.11 – Scanning paths for pachometer studies 
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Figure 2.12 – Pachometer response for laboratory model with: (a) #7 reinforcement mat; 
(b) #10 reinforcement mat 
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CHAPTER 3 
 
 
FIELD INVESTIGATIONS 
 
 
3.1 Introduction 
 
The field investigation at the Lyman Run Dam included the following: 
 
1. Visual inspection and mapping of the existing cracks in the structure to create a 
detailed record. 
 
2. Impact-echo testing to evaluate the depth of the existing cracks in the structure. 
 
3. Coring at selected locations to verify the impact-echo findings and provide 
samples of concrete for petrographic examination. 
 
4. Flooding of one cell of the dam labyrinth structure to look for evidence of water 
leakage through the mat and wall portions of the structure 
 
Sections 3.2 – 3.5 describe the work completed as part of each of these tasks.  Section 3.6 
summarizes the significant findings from the field investigation.  
 
3.2 Crack Mapping 
 
Herbert, Rowland & Grubic, Inc. (HRG) prepared scaled CAD drawings of the spillway 
plan, with a detail sheet for each of the slab pours, for use in recording crack patterns. 
HRG conducted their field views on 28-29 March 2007 and located and mapped the 
cracks in all the accessible/visible slab sections. Photographs were also taken and photo 
locations indicated on the field sheets. The field data was then utilized to transfer crack 
mapping data to the CAD drawings, so that crack locations are shown at proper scale, and 
for ease of retrieval of data.  Appendix A contains these CAD drawings.  The complete 
set of photographs is provided on a CD. 
 
3.3 Nondestructive Evaluation of Lyman Run Dam 
 
This section describes the nondestructive evaluation techniques employed on the Lyman 
Run Dam.  Section 3.3.1 describes the impact-echo approach used to determine crack 
depth.  Section 3.3.2 describes the results of this effort.  Section 3.3.3 describes the work 
performed to locate reinforcing bars in preparation for coring. 
 
3.3.1 Impact-echo Investigation of Cracks 
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Figure 3.1 shows a key plan view of the locations tested with impact-echo, and Table 3.1 
provides details for each of the 25 locations tested.  The figure and table also indicate 
where cores were removed.  The impact-echo testing and core removal were conducted 
on 25 April 2007.  The nomenclature for location identification involves identification of 
the particular slab, a crack on that particular slab, and a location along that particular 
crack.  For instance, location 35-B2 is located on Slab 35, on the second crack 
investigated on that slab (Crack B), and the second location along that crack.  Impact-
echo testing was performed on 5 different slabs, and both upstream and downstream 
locations were tested.  Figures 3.2 – 3.6 show plan views of each of the slabs investigated 
and show the tested locations to scale.   
 
The procedure followed in the field for crack depth determination was similar to the 
investigation performed in the lab.  Transducers were located on either side of a given 
crack according to the layout noted in Figure 2.7, and then an impact was generated on 
the surface using a 0.31 inch diameter steel ball.  The waveforms captured from each test 
were used to determine crack depth.  Three separate trials were performed at each test 
location in order to provide additional data.   
 
Wave speed within the concrete of the dam was determined using a procedure similar to 
that employed in the lab for the same purpose and described in Chapter 2.   
 
3.3.2 Results of Impact-echo Investigation 
 
Field Determination of R-wave and P-wave Velocities 
Figure 3.7 shows the waveforms captured for the first trial in determining wave-speed.  
Wave speed was determined following the procedure noted in Section 2.2.3 and Figure 
2.5.  Although the arrival of the R-wave at each transducer is prominent in Figure 3.7, an 
important difference between these waveforms and those captured in the laboratory (as 
for example Figure 2.8), is the amount of noise present in these signals.  The system was 
powered off of a portable electric generator in the field, a potential cause of additional 
noise in these electrical signals.  The noise did not prevent identification of the important 
features of the captured waveforms.  In the wave speed trials in the field, the transducers 
were placed 29.5 inches apart.  Table 3.2 shows the important features of the waveforms 
for each of the wave speed trials and indicates that the average R-wave speed determined 
for the concrete of the dam was 2091 m/s, and the average P-wave speed was 3680 m/s, 
also within the norms expected for concrete. 
 
Field Determination of Crack Depth 
Figure 3.8 shows the typical waveforms for crack location 56-C2.  These waveforms are 
typical for the waveforms that were captured on site at all of the locations.  The important 
features of these waveforms are as follows: 
 
1. The first feature in the waveform from the far-side transducer (that may be 
identified as anything other than electrical noise) is a rise in amplitude 
immediately preceding a large trough in response.  The peak amplitude of the rise 
portion of this feature occurs at 22 μsec.  This behavior is not consistent with a 
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waveform resulting from a P-wave refracted from the bottom of a surface opening 
crack.  This waveform can be contrasted with those for the far side transducers 
shown in Figure 2.8(a) – 2.8(c) (from the laboratory investigation of the 2, 4 and 8 
inch cracks) which show the expected behavior of an initial downward motion 
(with no preceding upward peak).  The waveform shown in Figure 3.8 is 
consistent with the scenario in which the waves propagate through the crack on 
the surface.  The shape of the response is similar to that exhibited by the arrival of 
an R-wave at the far side transducer, as for example shown in Figure 2.9. 
 
2. The difference in the R-wave (or P-wave) arrival times at the two transducers may 
be computed based on the supposition that P-waves and R-waves are able to 
travel across the crack, and using the known transducer arrangement and 
calculated wave speeds.  The computed difference in R-wave arrival times based 
on this supposed scenario is 26 μsec.  The data plotted in the figure exhibit a 
difference in R-wave arrival times of 32 μsec.  Thus the data is consistent with the 
idea that the propagating elastic waves traveled across the crack in this test. 
 
The features above indicate clearly that the data plotted in Figure 3.8 are the result of a 
test in which the waves have propagated across the crack rather than around the crack.  It 
is likely that the sides of the cracks in the Lyman Run Dam are acoustically coupled for 
one or more reasons: 
 
1. The cracks are narrow.  According to Sansalone and Street (1997) the width of a 
crack should be greater that 0.003 inches in order that the crack acoustically de-
couple the near and far sides from one another and thus prohibit wave 
propagation.   
 
2. The crack faces are acoustically coupled by dirt or water. 
 
3. The cracks have self-healed, and self-healing has acoustically coupled the crack 
faces. 
 
It is concluded that the surface of the cracks in the Lyman Run dam are acoustically 
coupled in some manner, and that this complicates interpretation of the captured 
waveforms to determine crack depth.  Although much of the impact energy seems to 
propagate across the crack, some of the energy created by the impact will propagate 
down into the concrete.  It may be that the cracks are only acoustically coupled near the 
surface (because of dirt, water or self-healing), and thus P-waves could still be refracted 
from the bottom of the crack.  Thus it is important to examine the captured waveforms 
for evidence of energy arriving at later times (at the far side transducer) that may be the 
result of wave reflection from the bottom of the surface opening crack.  For the data in 
Figure 3.8, the theoretical arrival time of a refracted P-wave from the bottom of a full 
depth (in this case 18 inches) crack is 205 μsec.  If the crack was not full depth then 
evidence of a refracted P-wave should appear in the waveform prior to this time.  There is 
no clearly identifiable feature in the waveforms prior to this time in the figure, or in any 
other data that was examined as part of this study. 
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For completeness, Figure 3.9 shows additional waveforms from tests at locations where 
cores were removed (see Section 3.4 for a complete discussion of coring).  From 
examination of the cores it is known that the cracks at these locations are through depth 
cracks.  As with Figure 3.8, in each of these figures, if the cracks were not full depth then 
evidence of a refracted P-wave should appear in the waveform prior to approximately 
200 – 290 μsec, depending on the concrete thickness at the specific location.  There is no 
clearly identifiable feature in the waveforms prior to this time in these figures. 
 
Since all of the waveform records captured are similar, and at the core locations these 
types of records are associated with full depth cracks, it is believed that the cracks are full 
depth at all of the locations probed. 
 
3.3.3 Location of Reinforcement in Preparation for Coring 
 
Following the impact-echo tests, the pachometer was used to locate the reinforcing mats 
at these locations so that a number of cores could be extracted without encountering steel 
reinforcement.  A similar procedure was followed as that outlined in Section 2.3.  At 
potential core locations, the pachometer was used to complete a drawing on the surface of 
the concrete of the underlying reinforcing mat, as for example shown in Figure 3.10.  The 
location at which to take cores was then decided based on the layout of the mat.  The 
locations where cores were eventually extracted were marked with orange spray-paint 
dots (see for example Figure 3.10 which shows the layout for Core 56-B2). 
 
The performance of the pachometer in the field was very similar to that found in the lab. 
Five out of the six cores extracted did not interrupt the top reinforcing mat, indicating that 
bars were found with a high degree of precision. The sixth core was taken in an area 
where the pachometer readings were highly variable and inconclusive.  
 
3.4 Description of Cores 
 
As noted, cores were removed from the dam to confirm impact-echo findings and to 
provide samples for petrographic examinations.  Figure 3.1 shows a key view of the 
locations of the removed cores.  Figure 3.2 – 3.6 show detail views of the core locations.  
The coordinates for these locations are shown in Table 3.1.  A total of 6 cores were 
removed from 5 slabs.  Each core was 3.75 inches in diameter.  Each core was intended 
to be full depth through the mat slab.  According to the design drawings, the mat slab 
varies in thickness from 18 to 24 inches.  The concrete of the cores seems to have 
separated at the interface between the concrete and the roller-compacted concrete (RCC) 
sub-base.  The cores were brought back to the laboratory, rinsed with tap-water to remove 
debris, and subjected to a visual examination prior to shipment to the petrographer. 
 
Table 3.3 contains a summary of the information obtained from the visual examination of 
the cores.  Figures 3.11 – 3.16 provide photographs of each of the cores.  The figures 
show opposing faces of each core, with the cracks visible in all views.  The bottom of 
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each photograph shows the top of each core (i.e. the cores were photographed upside-
down).  The subsequent paragraphs describe each of the cores. 
 
Figure 3.11 shows Core 35-A2.  The core was removed from the hole in two pieces and 
exhibits a full depth crack.  This was the only core for which the top mat of reinforcement 
was encountered.  The core contains a partial portion of a steel reinforcement bar from 
the top mat.  It also contains a portion of rebar from the bottom mat.  The crack in the 
core goes through some of the aggregate pieces and around others. 
 
Figure 3.12 shows Core 40-A1.  The core exhibits a full depth crack.  The crack in the 
core goes through some of the aggregate pieces and around others. 
 
Figure 3.13 shows Core 44-A1.  The core exhibits a full depth crack.  It contains a small 
piece of steel at a depth of 7 inches.  Judging by the orientation of this steel (it is oriented 
almost aligned with the length of the core) it is not part of the top or bottom primary 
reinforcing mats and may be steel included to tie a reinforcement cage.  The crack in the 
core goes through some of the aggregate pieces and around others. 
 
Figure 3.14 shows Core 54-A2.  The core exhibits a full depth crack.  The core contains a 
partial portion of rebar from the bottom mat.  The crack in the core goes through some of 
the aggregate pieces and around others. 
 
Figure 3.15 shows Core 54-A3.  A small piece of the top of the core separated upon 
removal from the hole.  The crack extends the full depth of the core.  There is a marked 
color difference in the material of the bottom one inch of the core.  The crack extends 
through this material also.  The crack in the core goes through some of the aggregate 
pieces and around others. 
 
Figure 3.16 shows Core 56-B2.  The crack leaves the core approximately 15 inches from 
the top of the core.  Thus it is not possible based on the core to determine the exact depth 
of the crack at this location, although the crack is at least 15 inches deep.  The crack in 
the core goes through some of the aggregate pieces and around others. 
 
3.5 Flooding of Labyrinth Cell 
 
As part of this task HRG contracted with a contractor to build a containment system 
across the end of one of the upstream bays formed by the labyrinth spillway walls, filling 
it with 3 feet of water which was color dyed to aid in detection of leakage on the 
downstream slabs, to determine if cracks are networked. The containment system was 
constructed on 23 April 2007 and filled with 3 feet of water on the morning of 24 April 
2007. Figures 3.17 – 3.18 show the containment system and the labyrinth filled with 
water. 
 
Upon filling, there were no visible leaks in the downstream slabs; however slight leakage 
(dampness/wetness only) was apparent at several vertical cracks on the downstream face 
of both of the labyrinth walls. Figure 3.19 shows the water leakage through the wall. 
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Monitoring continued through 25 April 2007 by Lehigh University. HRG conducted an 
additional monitoring session at end of day on 30 April 2007. No leakage to downstream 
mat slabs was found. Additionally, the vertical wall cracks were no longer leaking. It was 
agreed that further monitoring was not necessary as cores had determined that the cracks 
were full-depth, and therefore any water moving through cracks would probably follow 
the bottom of the slab and not resurface on the downstream slabs. 
 
3.6 Summary of Significant Findings 
 
The field investigation of the Lyman Run Dam structure revealed the following: 
 
1. Cracks are full depth. 
 
2. Cracks are acoustically coupled. 
 
3. Flooding did not show water entering upstream mats and exiting in downstream 
mats. 
 
4. Flooding did show water entering upstream wall face and exiting downstream 
wall face. 
 
5. Concrete cover in the mat structures above and below reinforcement was 
approximately according to the design drawings. 
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Table 3.1 - Impact-echo and core locations
Slab ID Number
Upstream / 
Dowstream
East
(in)
North 
(in) Origin
Core 
Location
35 35-A1 Down 154 -31 NW Corner of 35
35 35-A2 Down 154 -60 NW Corner of 35 Y
35 35-B1 Down 188 -30 NW Corner of 35
35 35-B2 Down 188 -60 NW Corner of 35
40 40-A1 Down 202 154 SW Corner of 40 Y
40 40-B1 Down 222 268 SW Corner of 40
40 40-C1 Down ~250 369 SW Corner of 40
40 40-D1 Down 333 318 SW Corner of 40
44 44-A1 Down 158 117 SW Corner of 44 Y
54 54-A2 Down 200 180 SW Corner of 54 Y
54 54-A1 Up 220 300 SW Corner of 54
54 54-A3 Up 192 42 SW Corner of 54 Y
56 56-A1 Up 70 13 SW Corner of 56
56 56-A2 Up 70 30 SW Corner of 56
56 56-A3 Up 70 110 SW Corner of 56
56 56-B1 Up 190 20 SW Corner of 56
56 56-B2 Up 190 42 SW Corner of 56 Y
56 56-C1 Up 280 12 SW Corner of 56
56 56-C2 Up 280 50 SW Corner of 56
56 56-D1 Up 203 341 SW Corner of 56
56 56-D2 Up 203 283 SW Corner of 56
56 56-E1 Up 266 344 SW Corner of 56
56 56-E2 Up 266 303 SW Corner of 56
56 56-F1 Up 314 344 SW Corner of 56
56 56-F2 Up 314 314 SW Corner of 56  
 
 
Table 3.2 - Field wave speed test parameters
Time Difference
Transducer A Transducer B (ΔT) R-wave (CR) P-wave (CP)
Trial (μsec) (μsec) (μsec) (m/s) (m/s)
1 -19 340 20 2087 3673
2 -16 336 18 2129 3747
3 -13 351 16 2059 3623
Average 2091 3681
R-wave Arrival Times Wave Speeds
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Table 3.3 - Visual observations of cores removed from Lyman Run Dam
Core Slab Diameter (in)
Length
(in) Pour Date Observations
35-A2 35 3.75 17 3/4 11/3/2005 Full depth crack.
Core in two pieces (major break 
at ~12" depth).
Hit top steel (at ~4.5" depth).
Hit bottom steel (at ~13" depth).
40-A1 40 3.75 17 11/2/2005 Full depth crack.
44-A1 44 3.75 24 1/8 5/3/2006 Full depth crack.
Small steel inclusion at 7" depth 
(not primary steel).
54-A2 54 3.75 25 NR Crack exits core at depth of 
bottom steel.
Hit bottom steel at 18" depth.
54-A3 54 3.75 20 1/2 NR Full depth crack.
Core appears to include 1" RCC.
Crack extends through RCC.
Small piece of core separated at 
top (to ~4.5" depth).
56-B2 56 3.75 23 1/2 5/4/2006 Crack exits core at approximately 
15" depth.  
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Figure 3.1 – Key plan view of impact-echo and core locations (locations are not to scale) 
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Figure 3.2 – Summary of Slab 35 investigations  
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Figure 3.3 – Summary of Slab 40 investigations 
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Figure 3.4 – Summary of Slab 44 investigations 
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Figure 3.5 – Summary of Slab 54 investigations 
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Figure 3.6 – Summary of Slab 56 investigations 
Impact-echo
Impact-echo
and Core
Impact-echo
Impact-echo
and Core
 35
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.50
-200 -100 0 100 200 300 400 500 600
Time (μ seconds)
V
ol
ta
ge
 (m
V
)
Transducer A
Transducer B
1.   t = -19      (R-wave arrival - A)
2.   t = -340    (R-wave arrival - B)
1 
2 
 
Figure 3.7 – Typical waveforms recorded during field wave speed tests 
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Figure 3.8 – Waveforms from crack depth test 56C2 
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Figure 3.9 – Typical waveforms from crack depth tests at cores: (a) Core 35-A2; (b) Core 
40-A1 [continued] 
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Figure 3.9 – [continued] Typical waveforms from crack depth tests at cores: (c) Core 54-
A2; (d) Core 44-A1 [continued] 
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Figure 3.9 – [continued] Typical waveforms from crack depth tests at cores: (e) Core 54-
A3; (f) Core 56-B2 
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Figure 3.10 – Layout for location of reinforcing mat at location 56-B2 
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Figure 3.11 – Photographs of Core 35-A2 
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Figure 3.12 – Photographs of Core 40-A1 
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Figure 3.13 – Photographs of Core 44-A1 
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Figure 3.14 – Photographs of Core 54-A2 
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Figure 3.15 – Photographs of Core 54-A3 
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Figure 3.16 – Photographs of Core 56-B2 
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Figure 3.17 – Temporary dam structure  
 
 
 
 
 
Figure 3.18 – Flooded labyrinth cell 
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Figure 3.19 – Leakage on opposite side of flooded cell 
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CHAPTER 4 
 
FINITE ELEMENT ANALYSIS 
 
 
4.1 Introduction 
 
An analytical study of the spillway slab was conducted using the finite element method, 
as described in Task 6 of the project proposal.  The purpose of this analysis is to estimate 
the early-age performance of the slab structure.  Specifically, the analysis attempts to 
reconstruct the early-age heat evolution, development of early age strength and stiffness, 
and the possible development of tensile stresses. 
 
4.2 Analysis Description 
 
4.2.1 Slab Selected for Investigation 
 
Slab 44 was selected for this study as it represents a typical condition.  This slab is 2 feet 
thick and is approximately 28 feet by 31 feet 6 inches in plan.  This slab is surrounded by 
similar slabs on all sides and is founded on a thick layer of roller-compacted concrete 
(RCC). 
 
4.2.2 Finite Element Model  
 
A two-dimensional finite element model was developed using ABAQUS version 6.6, a 
multi-purpose finite element code.  Pre- and post-processing of the model was performed 
using FEMAP version 8.3.  A schematic drawing of the finite element model showing the 
overall geometry is presented in Figure 4.1.  As shown, the shaded area represents the 
slab under investigation.  On either side of this slab, there are portions of previously cast 
slabs (assumed for simplicity to have been cast a significant time period before the slab in 
question).  These three slabs are supported on a thick layer of roller-compacted concrete 
(assumed to be 14 feet thick).  The overall width and depth of the model were chosen to 
be sufficiently large to minimize the influence of the edge boundary conditions on the 
calculated temperatures and stresses in the slab under investigation.  The analysis 
considered length, time, mass, and heat units of inches, hours, pounds, and Btu, 
respectively. 
 
4.2.3 Analysis Procedure 
 
The analysis proceeded in two separate steps.  The first analysis step was a transient heat 
transfer analysis.  The second analysis step was a stress analysis using the temperature 
fields determined in the first phase as input. 
 
During the heat transfer analysis, a nonlinear heat generation versus time curve was used 
as input for the cast slab material properties.  Heat is generated by the slab as it cures.  It 
is assumed that there is no heat generation in the adjacent slabs or the roller-compacted 
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concrete foundation.  The analysis spanned a time period of 90 days beginning with the 
initial placement of the cast slab.  Solutions were developed at numerous points 
throughout this 90 day time period. 
 
During the stress analysis, a nonlinear elastic modulus versus time curve was used as 
input for the cast slab material properties.  Again, solutions were developed at numerous 
points throughout the 90 day time period. 
 
4.2.4 Finite Element Mesh 
 
The finite element mesh was generated using FEMAP and is shown in Figure 4.2.  The 
mesh geometry shown was used for both the heat transfer and stress analyses though the 
element type and boundary conditions varied. 
 
During the heat transfer analysis, ABAQUS element type “DC2D4” was used.  This 
element is a 4-noded linear heat transfer element, with one degree of freedom 
(temperature) per node.  During the stress analysis, ABAQUS element type “CPE4” was 
used.  This element is a bilinear plane-strain element with two degrees of freedom (in-
plane displacements) per node.  Plane-strain elements were used due to the significant 
out-of-plane dimension of the slab. 
 
As shown in Figure 4.2, a dense mesh was used for the cast slab and that the mesh 
becomes coarser with increasing distance from the cast slab (i.e., away from the area of 
interest). 
 
4.2.5 Thermal Boundary Conditions 
 
As shown in Figure 4.1, there are a number of thermal boundary conditions used in the 
heat transfer analysis.  First, a constant temperature boundary condition is imposed on the 
two sides and base of the model (an assumed ambient temperature of 50 ºF was used).  
Second, a convective surface condition is applied to the top surface of the model.  This 
surface accounts for the heat loss from the slabs through convection.  The properties of 
this convective surface vary with ambient air temperature and wind speed.  Weather data 
collected during concrete placement has been supplemented with weather station data 
from nearby sites to develop the convective surface data versus time. 
 
All nodes were assumed to have an initial temperature of 50 ºF for the heat transfer 
analysis.  Initial temperatures of 60 and 70 ºF were also considered and resulted in larger 
stresses in the cast slab.  The stresses calculated with the assumed initial temperature of 
50 ºF are a less critical case and are reported here.  A description of the assumptions and 
data used for input is provided in Section 4.3. 
 
4.2.6 Stress Boundary Conditions 
 
After the heat-transfer analysis was completed, a stress analysis was performed using the 
temperature fields from the heat transfer analysis as input.  All nodes along the sides and 
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base of the model were restrained from all displacement.  Stresses were generated in the 
model due to the temperature gradients input from the heat transfer analysis as well as the 
time-varying modulus of elasticity that was input as a material property. 
 
4.3 Input Data 
 
A number of key parameters were needed as input for the finite element analysis.  These 
parameters were estimated based on published data from a variety of sources.  
Additionally, parameters affecting the convective surface condition were obtained either 
from construction inspection reports or from historical data from weather stations near to 
the site.  Descriptions of the assumptions and sources used in developing these key input 
parameters are discussed in this section.  Note that estimated concrete properties are 
based on “mix as tested” data obtained from test tickets. 
 
4.3.1 Thermal Conductivity 
 
The thermal conductivity of the concrete was estimated using “ACI 122R-02 Guide to 
Thermal Properties of Concrete and Masonry Systems” prepared by ACI Committee 122.  
A value of kc was estimated using Equation 2-3 in ACI 122: 
 
d
c ek
02.06.0 ⋅=  (4.1) 
 
where,  
 kc = thermal conductivity, (Btu/hr-ft2- (ºF/in)) 
 d = dry density of concrete = 130.1 lb/ft3 
 
This equation yields a thermal conductivity, kc of 8.09 Btu/hr-ft2- (ºF/in) or 0.0562 
Btu/hr-in-ºF.  This value was used for the cast slab, adjacent slabs, and the RCC in the 
analysis.  Note that the dry density of concrete was determined from the “mix as tested” 
data obtained from the test tickets. 
 
4.3.2 Specific Heat 
 
Each component of the concrete has a characteristic specific heat.  Typical values are 
presented in ACI 207.  A weighted average of the specific heats of the components of the 
Lyman Run slab mix was found.  The resulting value of the specific heat is equal to 0.254 
Btu/lb- ºF and was used for the analysis for the cast slab, adjacent slabs, and the RCC. 
 
4.3.3 Adiabatic Temperature Rise/Heat Generation 
 
As noted previously, heat is generated by the cast slab as it cures.  This heat generation is 
nonlinear with time.  In lieu of test data for the mix used in the spillway slab 
construction, heat generation was estimated using data developed by Committee 207 of 
the American Concrete Institute.  Specifically, Figure 5.3.1 of ACI 207.1 presents a graph 
of adiabatic temperature rise versus time over 1 year for mixes with various types of 
cement.  This data presented in the figure is based on a mix that has 376 lb/cu yd of 
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cement.  It is suggested that the temperature rise for mixes with other cement contents 
can be obtained by linear scaling of the given rises.  The mix used for the Lyman run dam 
is a Type 2 cement with 611 lb/cu yd of cement.  The adiabatic temperature rises given in 
ACI 207.1 were scaled up by 611/376 = 1.625.  A plot of temperature rise versus time 
used for this analysis is presented in Figure 4.3.  This adiabatic temperature rise is 
converted into heat flux as a function of time using the following formula: 
 
p
i
i
i Ct
TQ Δ
⋅Δ= γ  (4.2) 
 
where,  
 Qi = heat flux due to internal heat generation at time i, (Btu/in3-hr) 
 Cp = specific heat of the concrete = 0.254 Btu/lb-ºF 
 ΔTi = change in temperature at time i, ºF 
 Δti = change in time at time i, (hr) 
 γ = density of concrete = 0.0814 lb/in3 
 
A plot of heat flux due to heat generation versus time as used for this analysis is 
presented in Figure 4.4. 
 
4.3.4 Modulus of Elasticity 
 
In lieu of lab modulus test data which were unavailable, the modulus of elasticity of the 
concrete was estimated using the compressive strengths determined.  Compression test 
results were available at 7 days (2435 psi), 28 days (3630 psi), and 56 days (4085 psi). 
after concrete placement.  Predictions of concrete strength at 90 and 180 days were made 
using Figure 3.2 of ACI 207.2 which presents plots of 90 and 180 day strengths as a 
function of the 28 day strength.  This chart was entered with a 28 day strength of 3630 psi 
to estimate 90 and 180 day compressive strengths of 4150 and 4500 psi, respectively. 
 
The modulus of elasticity of normal weight can be estimated as 57,000*√f’c, per ACI 318 
Section 8.5.1.  At the 7, 28, 56, 90, and 180 day strengths, the modulus of elasticity was 
calculated.  This curve is shown in Figure 4.5. 
 
4.3.5 Coefficient of Thermal Expansion 
 
A coefficient of thermal expansion of 6.0x10-6 1/ºF was used for the stress analysis.   
 
4.3.6 Convection Surface Properties 
 
A convection surface was specified along the entire top edge of the finite element model.  
This is specified in ABAQUS using the “FILM” command.  The film represents a heat 
inflow/outflow from the model caused through convection of the outside air.  Two 
parameters are necessary, both of which vary with time.  The first is the air temperature 
(or the “sink” temperature).  The second is the convection coefficient, h.  This parameter 
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is a function of wind speed.  The U.S. Army Corps of Engineers provides estimates of 
this coefficient in “Nonlinear, Incremental Structural Analysis of Massive Concrete 
Structures, ETL 110-2-365.”  The coefficient is given by the following: 
 
h = 0.1132V0.8 (4.3) 
for V > 10.9 mph 
 
h = 0.165 + 0.0513V (4.4) 
for V < 10.9 mph 
where: 
h = film coefficient, (Btu/day-in2- ºF) 
V = wind speed (mph) 
 
Wind speeds were not available at the site.  Data were obtained from a weather station in 
Troupsburg, NY, approximately 25 miles from the site. 
 
All air temperatures recorded on-site during construction were used in the construction of 
the convective surface time-history.  Where on-site data were not available, the data were 
supplemented with NOAA weather station data from Coudersport, PA.  A plot of the 
daily high and low for the six months after placement of slab 44 is presented in Figure 
4.6.  It is noted that six months of weather data were obtained.  However, the analysis 
showed that the highest stresses were generated early on in the history and results beyond 
three months were significantly lower.  Therefore, the analysis results are only presented 
for three months after initial concrete placement. 
 
4.4 Results 
 
Results from the transient heat transfer and subsequent stress analysis are presented in 
this section. 
 
4.4.1 Temperature Time-history 
 
Figure 4.7 presents temperature time histories determined analytically for a section 
through the cast slab at mid width.  Three time-histories are shown:  (1) at the surface; (2) 
at the mid-thickness of the slab, d = 12”; and (3) at the base of the cast slab, d = 24”.  It 
can be seen that the temperature fluctuations at the surface are much larger than within 
the slab as expected.  Furthermore, as the distance from the surface increases, the 
temperature fluctuation with varying ambient air temperature decreases. 
 
4.4.2 Stress Time History 
 
Stress time-history plots were developed for two sections through the thickness of the 
cast slab: (1) at mid-width; and (2) at the edge of the slab (the interface with an adjacent 
previously cast slab).  Presented in Figures 4.8 and 4.9 are stress time-history plots at the 
mid-width and edge points, respectively.  In each plot, the horizontal in-plane stress is 
presented.  Again, for both Figure 4.8 and 4.9, three time-histories are shown: (1) at the 
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surface; (2) at the mid-thickness of the slab, d = 12”; and (3) at the base of the cast slab, d 
= 24”. 
 
Considering Figure 4.8 at the mid-width point, it can be seen that from the beginning, the 
stress at the surface is always tensile and increases with time to a maximum of 
approximately 600 psi at roughly 20 days.  However, the stresses at the mid-thickness 
and base are initially compressive.  After several days however, the stresses reverse to 
become tensile and rise to maximums of approximately 600 and 400 psi at the mid-
thickness and base, respectively, at roughly 20 days.  This indicates that the slab is under 
relatively uniform tensile stresses at the mid-width.  Similar magnitude stress values were 
observed in the out-of-plane direction. 
 
Similar trends can be observed in Figure 4.9, which shows stresses at the edge of the slab.  
However, it can be seen that the tensile stresses in the surface rise faster at the edge of the 
slab than in the mid-width.  Furthermore, the peak stress magnitudes are similar.  
 
Presented in Figures 4.10 and 4.11 are the stresses at mid-width of the cast slab 
normalized by f’c(t) and √f’c(t), respectively.  It should be noted that the value of f’c 
varies with time.  At each point in time, the stresses are normalized by the current f’c 
value.  It can be seen using both normalizations that the worst case occurs at the peak 
absolute stress, at approximately 20 days after slab placement.  Considering a modulus of 
rupture of 7.5√f’c, it can be seen from Figure 4.11 that cracking would be expected at the 
time of peak stress. 
 
4.4.3 Stress and Temperature Contours 
 
It was observed above that early on, there is a stress reversal through the depth of the cast 
slab (i.e., bending response) whereas at a later point in time, there is a relatively constant 
tensile stress through the depth (i.e., tension response).  These two cases can be further 
studied using temperature and stress contour plots.  Two load steps have been selected 
from the analysis for further study: (1) 1.75 days after placement; and (2) 20.9 days after 
placement. 
 
Figure 1 shows the temperature contour plot at a time of 1.75 days after placement.  As 
shown, the peak temperatures are approximately 84 degrees, and are generally within the 
cast slab.  Figure 4.13 presents a stress contour plot for the same time.  The maximum 
principal stress is plotted.  It can be seen that on the surface, tensile stresses of 120 psi are 
present at the edges of the slab, while at the center, the stress is lower.  Also, the stresses 
in the rest of the model (i.e., adjacent slabs and RCC) are generally negligible. 
 
Figure 4.14 shows a detailed stress contour plot of the cast slab in isolation.  Again, it can 
be seen that the surface stresses are higher at the edges that at the mid-width.  
Additionally, it can be seen that there is a stress reversal through the depth of the cast 
slab, indicating that the slab is subjected to bending response. 
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A similar set of plots is presented for the load step 20.9 days after placement.  Figure 4.15 
presents the temperature distribution.  It can be seen that the temperatures are 
significantly lower at this stage with a maximum of approximately 57 degrees located 
below the cast slab in the RCC subgrade. 
 
Figure 4.16 shows the horizontal in-plane stress contour.  In agreement with the time-
history plots presented above, it can be seen that the stress is relatively uniform through 
the depth of the cast slab, with a peak of approximately 640 psi.  This is further illustrated 
by the detailed contour plot of the cast slab shown in Figure 4.17. 
 
4.5  Summary of Significant Findings from Finite Element Analysis 
 
Based on the results presented above, the following conclusions can be drawn: 
 
1. The early response of the slab (i.e., first 2-3 days) is characterized by surface 
tensile stresses that are larger near the edges of the slab as well as a decrease and 
reversal of stress with increasing distance from the surface. 
 
2. Peak tensile stresses were present in the surface of the slab approximately 20 days 
from placement.  At this time the stresses do not decrease significantly with depth 
(in the cast slab) and there is no stress reversal. 
 
3. Peak stresses exceed the modulus of rupture, taken as 7.5√f’c, which indicates 
that cracking is likely. 
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Figure 4.1 – Schematic drawing of the geometry of the finite element model of the 
spillway slab 
 
 
 
 
 
Figure 4.2 – Finite element mesh used for both heat transfer and stress analyses 
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Figure 4.3 – Adiabatic temperature rise for Type 2 concrete mix used on the Lyman Run 
dam spillway slab (adapted from ACI 207.1 Figure 5.3.1) 
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Figure 4.4 – Calculated heat flux, Q, due to internal heat generation based on the given 
adiabatic temperature rise 
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Figure 4.5 – Modulus of elasticity versus time used for analysis of Lyman Run spillway 
slab 
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Figure 4.6 – Daily high and low temperatures for six months following placement of slab 
44 used for definition of the convective surface 
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Figure 4.7 – Temperature history for three points at mid width of the cast slab: (1) at the 
surface; (2) at the mid thickness of the slab, d = 12”; (3) at the base of the cast slab, d = 
24” 
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Figure 4.8 – Horizontal in-plane stress versus time for three points at mid-width of the 
cast slab: (1) at the surface; (2) at the mid thickness of the slab, d = 12”; (3) at the base of 
the cast slab, d = 24” 
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Figure 4.9 – Horizontal in-plane stress versus time for three points at edge of the cast 
slab: (1) at the surface; (2) at the mid thickness of the slab, d = 12”; (3) at the base of the 
cast slab, d = 24” 
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Figure 4.10 – Horizontal in-plane stress normalized by f’c(t) versus time for three points 
at mid-width of the cast slab: (1) at the surface; (2) at the mid thickness of the slab, d = 
12”; (3) at the base of the cast slab, d = 24” 
 62
-4
-2
0
2
4
6
8
10
12
0 10 20 30 40 50 60 70 80 90 100
Time (days)
H
or
iz
on
ta
l I
n-
pl
an
e 
St
re
ss
/√
f'c
Surface
Mid-thickness
Base
 
Figure 4.11 – Horizontal in-plane stress normalized by √f’c(t) versus time for three points 
at mid-width of the cast slab: (1) at the surface; (2) at the mid thickness of the slab, d = 
12”; (3) at the base of the cast slab, d = 24” 
 
 
Figure 4.12 – Contour plot of temperature in the entire model, 1.75 days from initial 
placement of slab (temperature in ºF) 
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Figure 4.13 – Contour plot of maximum principal stress (principal stress 3) in the entire 
model, 1.75 days from initial placement of slab (stresses in ksi) 
 
 
 
 
Figure 4.14 – Detailed contour plot of maximum principal stress (principal stress 3) in the 
cast slab only, 1.75 days from initial placement of slab (stresses in ksi) 
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Figure 4.15 – Contour plot of temperature in the entire model, 20.9 days from initial 
placement of slab (temperature in ºF) 
 
 
 
Figure 4.16 – Contour plot of maximum principal stress (principal stress 3) in the entire 
model, 20.9 days from initial placement of slab (stresses in ksi) 
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Figure 4.17 – Detailed contour plot of maximum principal stress (principal stress 3) in the 
cast slab only, 20.9 days from initial placement of slab (stresses in ksi) 
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CHAPTER 5 
 
 
PETROGRAPHIC EXAMINATION OF CORES 
 
 
5.1  Introduction 
 
A petrographic examination was performed on the six cores extracted from the dam 
structure.  The complete petrographic report is given in Appendix B. 
 
The cores were examined by Bernard Erlin of The Erlin Company, located in Latrobe 
Pennsylvania.  The petrographic examination was used to evaluate the extent of cracking 
with core depth, determine whether autogenous healing of the cracks had occurred, 
evaluate the adequacy of curing, obtain insight in to the early-age thermal history of the 
concrete, examine likely long-term water tightness of the cracks, examine for evidence of 
other deterioration mechanisms that may have caused the observed cracking. 
 
5.2  Summary of Important Findings from Petrographic Examination 
 
Important findings from the petrographic examination include the following: 
 
1. The cracks extend through the entire depth of the cores and thus through the entire 
thickness of the slabs from which the cores were extracted. 
 
2. The cracks have not experienced autogenous healing and thus they are not water-
tight. 
 
3. There was no evidence of inadequate curing that would have lead to extraordinary 
drying shrinkage. 
 
4. There was no evidence of excessive water-cement ratios that would have lead to 
extraordinary drying shrinkage. 
 
5. Some of the aggregates have low modulus of elasticity and as such offer less 
resistance to drying shrinkage. 
 
6. There is no evidence of alkali silica reaction or alkali carbonate reaction. 
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CHAPTER 6 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
6.1  Introduction 
 
This report describes an investigation of cracking in concrete portions of the Lyman Run 
dam located in Potter County Pennsylvania.  The structure, completed in 2006, exhibited 
significant cracking in the upstream and downstream slab portions of the structure. 
 
The objectives of the investigation were to: 
 
1. Determine the root cause(s) of cracking in the slab portions of the dam structure. 
 
2. Determine the anticipated service performance of the structure as influenced by 
this cracking. 
 
3. Provide recommendations on how to avoid such cracking in future similar 
construction. 
 
Section 6.2 presents conclusions about the likely root cause of the cracking in the 
structure.  Section 6.3 discusses the anticipated service performance of the structure as 
influenced by this cracking.  Section 6.4 discusses recommendations on how to avoid 
such cracking in future similar construction. 
 
6.2  Cause of Observed Cracking 
 
The root cause of cracking in the Lyman Run dam structure is thermal effects in the slabs 
early in the age of each slab.  As shown in the finite element analysis, the response of a 
slab in the first 2-3 days after concrete placement is characterized by surface tensile 
stresses and a decrease and reversal of stress with increasing distance from the surface.  
Peak tensile stresses occur in the surface of the slab approximately 20 days from 
placement.  At this time the stresses do not decrease significantly with depth in the slab 
and there is no stress reversal.  The peak stresses that occur exceed the modulus of 
rupture which indicates that cracking is likely. 
 
The cores extracted from the structure showed that the cracks extend through the 
thicknesses of the slab structures.  This is consistent with the through thickness stresses 
predicted by the finite element analysis.   
 
The petrographic examination did not find evidence of other possible causes of the 
observed cracking, namely improper curing, improper mixture proportions, or active 
deterioration mechanisms such as alkali silica reaction. 
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6.3  Anticipated Service Performance of the Concrete Slabs 
 
The anticipated service performance of the concrete slabs is interpreted in the context of 
the present and anticipated future conditions in the structure.  Aspects of service 
performance discussed here include water-tightness, potential for additional cracking, 
corrosion of embedded steel reinforcement, and freeze thaw resistance. 
 
6.3.1  Water-tightness 
 
A concern early on in this investigation (prior to having the results of the petrographic 
analysis) was that water would enter network of cracks on the upstream face and exit 
from interconnected cracks on the downstream face.  The concern was that the cracks 
were deep enough to extend under the waterstops installed at the base of the wall.  That 
concern was modified when cores were extracted from the slabs and it was observed that 
the cracks extended through the entire thickness of the slabs.  That concern was further 
modified when the petrographic examination determined that the cracks have not 
undergone autogeneous healing, and that the cracks will not prevent water from leaking 
through the slabs.  Instead of water exiting from networked cracks on the downstream 
face, the water is instead likely entering the roller compacted concrete base upon which 
the slabs were constructed.  This is why flooding of the labyrinth cell did not evidence 
water exiting from the cracks on the downstream face.  In short, the dam structure will 
leak in its present state. 
 
6.3.2  Potential for Additional Cracking 
 
The thermal condition that created the cracks no longer exists, so no additional thermal 
cracking is expected to occur.  Additional tension stresses may develop near the slab 
surfaces over time due to carbonation shrinkage.  However, the extensive network of 
existing thermal cracks will likely accommodate the tension strains that develop due to 
carbonation shrinkage without any additional cracking occurring.  Thus the cracks 
present in the structure are likely stable in number and location.   
 
6.3.3  Corrosion of Embedded Steel Reinforcement 
 
For corrosion of the embedded steel reinforcement to occur, both moisture and oxygen 
must be present.  Moisture will be available at the submerged upstream locations.  
Despite this available moisture, corrosion will likely not occur if the cracks remain tightly 
closed on downstream face.  This is for two reasons.  First, if the cracks are tightly 
closed, available oxygen will be limited and corrosion is not likely.  Second, if the cracks 
remain tightly closed, the depth of carbonation will likely remain far from the 4-inch 
depth of the steel.  This will maintain the high pH of the concrete at the depth of the bars, 
which will prevent anything more than a passive oxide layer developing on the bars.  
Thus corrosion of the embedded steel reinforcement is not likely to occur. 
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6.3.4  Freeze-thaw Resistance 
 
The location of the structure will cause the concrete to experience large seasonal and 
daily temperature fluctuations and freeze-thaw cycles.  Ponding water was observed at 
several locations on the downstream slabs.  In winter the concrete at these ponding 
locations will likely be saturated and thus susceptible to freeze-thaw damage.  The 
volume fraction of air in the concrete, determined in the petrographic analysis of the 
cores, is sufficient to provide freeze thaw resistance.  The effectiveness of the air void 
system in preventing freeze-thaw damage depends on the volume of air and also upon the 
air void size distribution or spacing factor.  The air void size distribution was not treated 
in the petrographic analysis.  To make more definitive conclusions about freeze-thaw 
resistance, additional evaluation of the air void system is needed.  Because the overall 
quality of the concrete appears to be sound, this is not thought to be necessary.  The 
freeze-thaw durability is unrelated to the observed cracking in the structure. 
 
6.3.5  Repair 
 
While recommendations for repair were not part of the scope of work, a recommendation 
is included here.  As noted above, the issue of water-tightness seems to be the greatest 
serviceability problem for the Lyman Run dam structure.  It is suggested that integral 
crystalline waterproofing be evaluated as a method for repair.  The material would be 
applied to cracks on the upstream face to prevent water from entering the cracks, thereby 
improving the water-tightness of the structure. 
 
6.4  Recommendations for Future Construction 
 
The information that was provided for review about the design and construction of the 
dam did not include an information about a thermal management plan for the dam 
structure.  Discussions with DCNR personnel did not reveal the existence of any thermal 
management plan for the structure.  Thus it is not clear that a thermal management plan 
was incorporated in the design of the dam structure, or implemented during its 
construction.   
 
All future construction of this type should include a thermal management plan to mitigate 
the temperature effects that caused the cracking in the Lyman Run dam structure.  A 
thermal management plan may have one or more of a number of components, including 
relatively simple components such as: concrete mixture design for low heat; adequate 
thermal insulation to reduce thermal gradients; specification of 58-day strength instead of 
28-day strength to allow concrete to gain strength (and generate heat) more slowly at 
early ages, etc.  The topic of how to mitigate thermal cracking is treated extensively in 
the literature and is not reviewed in detail here.  Much information exists.  It should be 
incorporated in future construction. 
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* * * * * * * 
 
SUMMARY AND DISCUSSION 
 
The six cores are air-entrained and made using crushed calcareous-siliceous gravel 
coarse aggregate, natural calcareous-siliceous sand fine aggregate, portland cement 
contents estimated to be 6 bags per cubic yard, and water-cement ratios estimated from 
0.42 to 0.48.  Hydration of the cement is normal.  Air contents are variable between 
the cores and estimated to be from 41/2 to 6 percent.  There is no evidence of inadequate 
curing.     
Depths of carbonation are from 1/64 to 3/16 inch.  There is no evidence of alkali silica reaction 
as evidenced by the absence of alkali-silica gel.  Reinforcing bars (present in two cores) are 
free of corrosion products except for an occasional rust spot judged to have been on the bar 
before it was introduced into the concrete.   
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Vertical cracks extend from top to bottom in four cores.  In the other two cores, the cracks 
exit along the core sides at depths of 12 and 203/8 inches.  The cracks are fine, tighten 
with depth, circumscribe some aggregate particles and transect others, and are open (they 
are free of secondary compounds) – there is no autogenous healing.   
Among constituents of the aggregates are greywacke and sandstone.  These aggregates 
have low moduli of elasticity by comparison to other aggregates and can increase drying 
shrinkage.   
On void surfaces are either secondary deposits of platy calcium hydroxide (CaOH2) or 
acicular ettringite (3CaO.Al203.CaSO4.32H2O), or intergrowths of the two.  In coarse 
aggregate sockets are calcium hydroxide platelets.  The secondary deposits in air voids 
reflect concrete exposure to moisture for prolonged periods.  The calcium hydroxide plate-
lets in aggregate sockets formed in fine peripheral space around aggregate particles either 
created early in the concrete's life due to thermal expansion from heat generated by ce-
ment hydration or slight differential settlement of components when the concrete was 
plastic    
If the cracks from top to bottom of the cores extend through the structure from which they 
were taken, they will transmit water and, thus, decrease the water-tightness of the con-
crete.  There is no evidence of autogenous healing so that phenomenon cannot be pro-
jected to reduce future water penetration along cracks. 
* * * * * * * 
INTRODUCTION 
Reported herein are the results of petrographic examinations of concrete cores 
submitted by Stephen Pessiki, Ph.D, Department of Civil and Environmental Engi-
neering, Lehigh University.  The cores are reported to be from a dam slab evidenc-
ing cracking.  Requested are petrographic examinations so the following items can 
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be evaluated:  (a) adequacy of curing; (b) disposition of the cracks with depth; (c) 
autogenous healing; (d) thermal gradients; and (e) long-term water tightness.            
Accordingly, the cores were examined using methods of ASTM C856, "Petro-
graphic Examination of Hardened Concrete".         
  
STUDIES 
Samples – Received for the work were six concrete cores having diameters of 33/4 
inches and length from 173/8 to 251/8 inches.  Number 7 and 8 reinforcing bars are pre-
sent in Core 35-A2, and a No 7 bar is present in Core 54-A2.   Portion of a diagonally 
oriented bar of unknown size is present along the side of Core 44-A1.  Dimensions of each 
core and size and cover over reinforcing bars are given in the Table.   
The top ends of the cores are flat, formed surface – the bottom ends are fracture 
surfaces.  A crack transects the formed surface of each core.  The cores are shown 
in Figures 1 through 6.   
Each core was cut into two halves, and each half was saw-cut into two longitudinal 
cross-sections.  One was lapped and used for petrographic examinations (Figure 7 
through 12).  The other longitudinal section was broken-up and used for more de-
tailed petrographic examinations.   
Petrographic Examinations 
Aggregates – Coarse aggregate is crushed and sized gravel having a nominal maxi-
mum 3/ 4-inch size.  It contains varieties of shades of grey, brown, and purple, fine-
grained, massive-textured, limestone, dolomite, and greywacke, and minor to trace 
amounts of granite, gabbro, chert, sandstone, and quartzite.  Fine aggregate is 
natural sand that contains major amounts of the types of materials described for the 
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coarse aggregate plus, in the finer sizes, major amounts of varieties of quartz, and 
minor amounts of feldspars.   
The aggregates are uniformly dispersed and have been sound during their service 
in the concrete (Figures 7 through 12).   
There is no evidence, such as darkened peripheral aggregate rims, internal aggre-
gate cracks, alkali-silica gel, of alkali silica aggregate reactions (ASR), or of al-
kali-carbonate reactions (ACR).   
The greywacke and sandstone components of the aggregate have relatively low 
moduli of elasticity that maximize drying shrinkage.      
Pastes – Pastes are similar. They are variegated on a micro scale from light to me-
dium to dark grey, and are firm, hard, and fracture surfaces have semi-conchoidal 
textures.  Residual and relict portland cement particles are abundant; hydration of 
the portland cement is normal; and the calcium hydroxide (CaOH2) component of 
cement hydration occurs as patchy units.   
Occasionally, in embayments on aggregate surfaces is very dark grey paste where 
cement hydration is not as advanced as elsewhere.   
Features of the pastes are indicative of portland cement contents estimated to be 6 
bags per cubic yard and, except for pastes in embayments, estimated water-cement 
ratios variable within each core from 0.42 to 0.48.  In embayments, it is estimated 
to be 0.40.   
There is no evidence of inadequate curing or water-cement ratios that would lead 
to extraordinary drying shrinkage.          
Cracks – The surface of each core is intersected cracks (Figure 7 through 12).   
They extend to the bottom of Cores 35-A2, 40-A1, 44-A1, 54-A3 (Figures 7a, 8a, 
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9a, 11a) and exit along the sides of Cores 54-A2 and 56-B2 (Table) (Figures 10a, 
12a).   
The cracks are relatively fine, circumscribe some aggregate particles and transect 
others, and tighten with depth.  
The cracks are free of secondary products (e.g. calcium hydroxide, ettringite and 
calcium carbonate.  Thus, there has been no autogenous healing.   
Carbonation – Depths of carbonation varies between the cores from 1/64 to 3/16 inch 
(Table).   
Secondary compounds – On void surface are deposits of secondary, fine, acicular 
ettringite (3CaO.Al203.CaSO4.32H2O), calcium hydroxide (CaOH2), or intergrowths 
of the two (Figure 13).  Alkali-silica gel was not detected.   
On surfaces of coarse aggregate sockets are fine platelets of calcium hydroxide, 
evidence that very fine space existed at those locations and into which the calcium 
hydroxide precipitated.   
Air – Air occurs as fine, discrete, spherical voids characteristic of entrained air 
voids and non-spherical voids characteristic of entrapped air (Figures 7a, 8a, 9a, 
10a, 11a, 12a).  The cores are air-entrained and have estimated 41/2 to 6 percent air 
contents.  The air contents are summarized in the Table.   
The Erlin Company 
 
 
 Bernard Erlin, Petrographer 
 Project Manager 
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Samples will be discarded after thirty days unless other 
disposition is requested in writing. 
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Table – Dimensional information, reinforcing bar sizes, depths of cover, 
crack depths, estimated air contents, and depths of carbonation. 
 
 
Reinforcing 
Bar 
 
 
 
Core 
 
 
Length 
(in.) 
 
Size 
Depth 
(in.) 
 
 
Crack 
Depth (in.) 
 
Estimated 
Air Content 
(%)(4) 
 
Depth of 
Carbonation 
(in.) 
       
35-
A2 
173/4 No. 8 
No. 7 
4 
125/8 
173/4 (thru 
core) 
6 3/16 
       
40-
A1 
173/8 – – 173/8 (thru 
core) 
5 3/16 
       
44-
A1 
241/4  (1) 6 241/4 (thru 
core) 
5 1/64 
       
54-
A2 
251/8 No. 7 173/4 (2) 41/2 1/64 
       
54-
A3 
21 – – 21(thru core) 41/2 1/16 
       
56-
B2 
231/2 – – (3) 41/2` 1/64 
       
(1)  Diagonally oriented bar (cut shorter than its diameter) along core side. 
(2)  Exits side of core at 203/8 inches (11/2 inches below bar).   
(3)  Exits side of core at 12 inches. 
(4)  The cores are air-entrained. 
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Side a 
 
 
Side b 
 
 
Side c 
 
  Top       Bottom 
 
Figure 1 – Core 35-A2 as received.  The top end is to the right.  Scale in inches. 
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Side a 
 
 
Side b 
 
 
Side c 
 Top      Bottom 
 
Figure 2 – Core 40-A1 as received.  The top end is to the right.  Scale in inches. 
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Side a 
 
 
 
Side b 
 
 
 
Side c 
 
 
Top     Bottom 
 
Figure 3 – Core 44-A1 as received.  The top end is to the right.  Scale in inches. 
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THE ERLIN COMPANY - MATERIALS AND CONSTRUCTION CONSULTANTS June 21, 2007 
  TEC 507138 
 
Side a 
 
 
 
Side b 
 
 
 
Side c 
 
  Top       Bottom 
 
Figure 4 – Core 54-A2 as received.  The top end is to the right.  Scale in inches. 
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Side a 
 
 
Side b 
 
 
Side c 
 
 
  Top       Bottom 
 
Figure 5 – Core 54-A3 as received.  The top end is to the right.  Scale in inches. 
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Side a 
 
 
 
Side b 
 
 
 
Side c 
 
 
  Top       Bottom 
 
Figure 6 – Core 56-B2 as received.  The top end is to the right.  Scale in inches. 
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                     Top 
       Bottom 
 
Figure 7 – Cross-section of Core 35-A2.  To facilitate handling and processing, the core 
was cut into sections.  A No. 8 bar is circled (left), and a No. 7 bar is circled (right).  The 
crack extends from top to bottom of the core (Figure 7a).  Scale in inch increments. 
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X X 
Figure 7a – Cross-section showing the crack (arrows) extending to the 
bottom of Core 35-A2.  The small circular voids are entrained air voids.  
The X designates an entrapped air void.  Scale in 1/16th-inch increments.   
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                      Top 
 Bottom 
 
Figure 8 – Cross-section of Core 40-A1.  To facilitate handling and processing, the core 
was cut into sections.  The crack extends from top to bottom of the core (Figure 8a).  
Scale in inch increments. 
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Figure 8a – Cross-section showing the crack (arrows) extending 
to the bottom of Core 40-A1.  The small circular voids are 
entrained air voids.  Scale in 1/16th-inch increments.   
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       Bottom 
 
Figure 9 – Cross-section of Core 44-A1.  To facilitate handling and processing, the core 
was cut into sections.  The crack extends from top to bottom of the core (Figure 9a).  
Scale in inch increments. 
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Figure 9a – Cross-section showing the exceedingly fine crack (arrows) at 
the bottom of Core 44-A1.  The small circular voids are entrained air voids.  
Scale in 1/16th-inch increments.   
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        Bottom 
 
Figure 10 – Cross-section of Core 54-A2.  To facilitate handling and processing, the core 
was cut into sections.  The crack exits along the core side at a depth of 203/8 inches (11/2 
inches below the No. 7 bar, circled) (Figure 10a).  Scale in inch increments. 
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X X
 
Figure 10a – Cross-section showing the crack (arrows) exiting along 
the side of Core 54-A2.  The small circular voids are entrained air 
voids.  The X's designate entrapped air voids. Scale in 1/16th-inch 
increments.   
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Figure 11 – Cross-section of Core 54-A3.  To facilitate handling and processing, the core 
was cut into sections.  The crack extends from top to bottom of the core (Figure 11a).  
Scale in inch increments. 
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Figure 11a – Cross-section showing the crack (arrows) exiting along the 
bottom of Core 54-A3. The small circular voids are entrained air voids.  The 
X's designate entrapped air voids.   Scale in 1/16th-inch increments.   
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Figure 12 – Cross-section of Core 56-B2.  To facilitate handling and processing, the core 
was cut into sections.  The crack exits along the core side at a depth of 12 inches (Figure 
12a).  Scale in inch increments. 
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Figure 12a – Cross-section showing the crack (arrows) exiting along the 
side of Core 56-2B.  The small circular voids are entrained air voids.  The 
X's designate entrapped air voids.  The material along the left side is tape 
used to hold the concrete together.  Scale in 1/16th-inch increments.   
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Figure 13a – Electron micrograph of 
ettringite identified by morphology and 
elemental analysis.   
 
 
 
 
 
 
 
igure 13b
 
 
 
 
 
F  – Electron micrograph of 
emental 
 
 
 
Figure 13
calcium hydroxide from a void 
identified by morphology and el
analysis.       
 
 
 
 
 
 – Electron micrograph of intergrown acicular ettringite (Figure 
  
e 
 
13a) and platy calcium hydroxide (Figure 13b) picked from a void surface.
The upper right micrograph in each figure is of the boxed area in the left 
micrograph in each figure.  The elemental spectrum in each figure is of th
small box in the right micrograph.  The spectrum in Figure 13a corresponds 
to ettringite, and the spectrum in Figure 13b corresponds to calcium 
hydroxide. 
